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Among the predicted impacts associated with global climate change, warming is of special interest 
because the rates of physiological processes are temperature-dependent. Insects and other 
ectotherms are likely to be affected due to their limited ability to control body temperature.  In this 
study, I measured the tolerance to extreme high temperatures, i.e., critical thermal maximum 
(CTmax), of component species in a tri-trophic system, including an herbivore (Manduca sexta), a 
primary larval parasitoid (Cotesia congregata) and a hyperparasitoid (genus Silochalcis). For wild 
insects, the parasitoid had the lowest CTmax, the hyperparasitoid had the highest, and the herbivore 
was intermediate. For laboratory insects, the parasitoid had a lower CTmax than the herbivore. 
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Results suggest that laboratory colonies can be used to predict relative thermal performance of 
interacting species in the field. Variations in tolerance to high temperature among component 
species could disrupt the outcome of interactions in multi-trophic systems. 
 
 




The average global surface temperature is predicted to rise by 3-5°C by the end of this 
century (IPCC 2007) with potentially serious consequences for all organisms. Increased 
temperature can affect the biology of living organisms either directly or indirectly. Direct effects 
may include short-term changes in life history traits (e.g., developmental time, body size, 
longevity, fecundity, sex ratio) as well as long-term genetic changes associated with adaptations 
at the population level (Hance et al. 2007, Van Baaren et al. 2010). Further, increases in 
temperature may be favorable for some species and unfavorable for others (Bahar et al. 2012), 
and responses to temperature may be stage specific (Saeki and Crowley 2012). In general, 
differential effects of temperature change among ecologically-linked species can affect the 
outcome of species interactions and ultimately, ecosystem stability and functioning (de Sassi and 
Tylianakis 2012). 
Insects, the most abundant and speciose animal taxon, as well as other ectotherms are 
particularly vulnerable to increases in temperature due to their small body size and limited ability 
to control body temperature. Differences in thermal windows of ecologically-linked species, 
such as a host and parasite, could lead to disruption of synchrony between life stages (Hance et 
al. 2007). Similarly, increases in temperature could disrupt trophic relationships among plants, 
herbivores, and their natural enemies, and destabilize the population dynamics of the component 
species (Hance et al. 2007, Van Baaren et al. 2010, Dyer et al. 2013). 
Insects at higher trophic levels (e.g., parasitoids, hyperparasitoids) are likely to be 
affected both directly and indirectly by increased temperature because they are dependent on 
lower trophic levels for survival (Hance et al. 2007,Van Baaren et al. 2010). Further, insects with 
limited host ranges, for example parasitoids that depend on specialist herbivores, are likely to be 
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more sensitive to the indirect impacts of temperature variability than those with broader host 
ranges, which could lead to decreases in parasitism (Stireman et al. 2005). Predicting the effects 
of increased temperature on multi-trophic interactions involving insects requires a better 
understanding of the thermal biology of the component species (Thomas and Blanford 2003). 
This study quantified the critical thermal maxima (CTmax) of component species in a tri-
trophic system consisting of the herbivore, Manduca sexta (L.) (Lepidoptera: Sphingidae), its 
primary parasitoid, Cotesia congregata (Say) (Hymenoptera: Braconidae), and one of several 
hyperparasitoids that attack this parasitoid, a Spilochalcis sp. (Hymenoptera: Chalcididae). I 
addressed several questions: 1) Does tolerance to extreme temperature (CTmax) differ across the 
three trophic levels, i.e. among wild caterpillars, wasps, and hyperparasitoids? 2) Does CTmax 
differ among developmental stages (3rd, 4th, and 5th instars) and between parasitized and 
unparasitized M. sexta? And, 3) Does tolerance to extreme temperature vary among a laboratory 
strain and wild population of M. sexta and C. congregata? 
 
MATERIALS AND METHODS 
Study system 
The herbivore, Manduca sexta, is a solanaceous specialist, ranging from Southern 
Ontario to Florida and south into Argentina (Kawahara et al. 2013). In North America, it is an 
abundant species along the Gulf Coast through the Mississippi Valley and along the East Coast 
to Maryland and New Jersey with two to three generations per year (Hodges, 1971). The 
parasitoid, Cotesia congregata, is the primary parasitoid of M. sexta and ~14 other species within 
the Sphingidae (Krombein et al. 1979). M. sexta and C. congregata are an important model 
system for insect physiology, host-parasite interactions, and tri-trophic interactions (Beckage 
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2008). Typically, the wasp attacks 2nd through early 4th instar caterpillars and can oviposit a few 
hundred eggs in a single oviposition event (Kester and Barbosa 1991). Upon completion of the 
larval stage, the wasp egresses from the host caterpillar by perforating the cuticle with its 
mandibles and then pupates within individual silken cocoons that remain attached to the 
caterpillar’s dorsum. The hyperparasitoid, Spilochalcis sp. (Spilochalcis side or S. hirtifemora) is 
one of four common species reported to attack the pre-pupal or pupal stages of C. congregata on 
M. sexta, as well as other parasitoids in the Braconidae and Ichnuemonidae (McNeil and Rabb 
1973, Hansen 1980).  
Collection and laboratory rearing of wild M. sexta 
Eggs and caterpillars (with and without egressed C. congregata) were collected from 
tobacco plants at the Southern Piedmont Agricultural Research and Extension Center (SPAREC) 
in Blackstone, Virginia (37.0149 -78.0359) between late July and early October, 2015 and held 
at ambient laboratory conditions (22 ± 2°C, 30-50% RH). Eggs were placed in sterilite plastic 
boxes (29.5 cm x 15 cm x 8 cm) (~15-20 eggs per container) lined with paper toweling and a 
piece of tobacco leaf, which was replaced daily. Second instar hatchlings were transferred to 
individual (Greenware, Nature works GPC 400, 4 oz.) plastic cups and reared on tobacco leaves. 
Caterpillars without egressed parasitoids were held in plastic boxes (28 cm x 16 cm x 11 cm) by 
instar (5-12 caterpillars per container, depending on instar) and offered fresh tobacco leaf each 
day until egression of parasitoid larvae or the onset of pupation was observed. Caterpillars with 
newly egressed parasitoids were moved to individual cups, (Greenware, Nature works GPC 400, 
4 oz.) as were field-collected caterpillars with parasitoid cocoons. Tobacco leaves were collected 
at the same field site and stored in a refrigerator to maintain freshness. 
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Laboratory rearing of wild C. congregata and Spilochacis sp. 
  Emergent parasitoids were held by brood in separate plastic rearing containers (18 cm x 
11 cm x 10 cm) and provisioned with a wetted piece of sponge and honey agar. Individual C. 
congregata females were presented with a single first-day 3rd instar caterpillar reared from field 
collected eggs and allowed a single oviposition. Parasitized caterpillars were then reared in 
individual plastic cups (Greenware, Nature works GPC 400, 4 oz.). Cocoons on caterpillars that 
were parasitized in the field and did not yield C. congregata were transferred to individual 
gelatin capsules (Capsuline, # 00) and held at room temperature until emergence of 
hyperparasitoids. Adult Spilochacis sp. (ten males) were held in the same plastic containers used 
for adult C. congregata. 
Laboratory colonies of M. sexta and C. congregata 
Domesticated M. sexta caterpillars used in this study were from a long-standing 
laboratory colony maintained at the University of Washington. Caterpillars were fed a 
semisynthetic wheat germ and casein diet on a 12L: 12D photoperiod at 26°C and 50-70 % RH. 
The laboratory colony of C. congregata originated from field collections at the Southern 
Piedmont Agricultural Research and Extension Center (SPAREC) in Blackstone, Virginia in 
2005 and has been refreshed every 1-3 years with wasps collected from this field site. The 
colony is held at ambient conditions (20-24°C and 25-40% RH). Laboratory caterpillars and 
wasps were reared as described for wild insects. 
Quantifying CTmax 
  I measured the critical thermal maximum (CTmax) as defined by the onset of muscular 
spasms (OS), which indicates a loss of voluntary muscular control (Lutterschmidt and Hutchison 
1997a,b). Like most previous studies, I used the dynamic approach to estimate CTmax (Cowles 
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and Bogert 1944; Lutterschmidt and Hutchison 1997a; Lighton and Turner 2004; Terblanche et 
al. 2007). This method involves heating an organism at a slow and constant rate until some pre-
defined end point, such as OS, is observed. 
Based on previous studies (Terblanche et al. 2007, Terblanche et al. 2011) I used a 
standard ramping rate of 0.25°C/min for all estimates of CTmax. Individual 1 day old 3
rd, 4th and 
5th instar parasitized and unparasitized M. sexta were placed individually in glass vials and 
completely submerged in a programmable water bath (Huber CC 118A with Pilot One). To begin 
the experiment, I used a start temperature of 30°C which was well within the normal 
physiological range for this species (Kingsolver et al. 2011). Prior to ramping, the organisms 
were held at a constant 30°C for 15 minutes to allow body temperature to equilibrate with the 
start temperature.  
To calibrate my experiment, I measured temperature of the water bath and air 
temperature inside the glass vial simultaneously every minute during a standard ramp (Table 1). 
Although air temperatures inside the vial were consistently lower than the temperature of the 
water bath, the average difference was 0.49 ± 0.01°C (Table 1). I therefore assumed that the 
temperature of the water bath was a good approximation of the air temperature inside the vial, 
and that this was a good approximation of the body temperature of the organism.  
To observe OS and estimate CTmax, the organisms were monitored using a Sony 
handycam video camera (HDR SR-11) and recordings were analyzed using Windows Live 
movie maker software. The temperature when the first muscular spasm was observed was 
recorded as CTmax. The same protocol was used for all groups. Sample size varied from 5-10 
individual wild insects and 8-10 individual laboratory insects. Means are reported with ± 1 
standard error. 




Data were checked for normality using normal quantile plots and tested for unequal 
variances using the Brown-Forsythe test. One-way analysis of variance (ANOVA) followed by 
Tukey’s post-hoc test was used to test for differences in CTmax among trophic levels. In addition, 
a two-way ANOVA was used to test the effects of instar, parasitization status, and their 
interaction on caterpillar CTmax and to test for differences in CTmax between wild and laboratory 
male and female wasps. A t-test was used to test the CTmax differences among the wild and 
laboratory unparasitized caterpillars. All statistical analyses were conducted in JMP Pro version 
11.1.1 and were considered significant at p < 0.05. 
 
RESULTS 
The average wet weight of caterpillars used in the experiment was: 3rd instars (57.6 ± 2.4 
mg); 4th instars (326.4 ± 13.7 mg), 5th instars (1349.5 ± 48.4 mg). The average wet weight of 
Cotesia wasps was: males (0.175 ± 0.004 mg); females (0.219 ± 0.004 mg). The weight of 
Spilochalcis sp. wasps was not measured, but they are similar in body size to Cotesia.  
CTmax varied significantly among trophic levels (p ˂ 0.0001) (Table 2, Fig. 1). The 
hyperparasitoid Spilochalcis sp. had the highest CTmax (48.3 ± 0.3 °C), the parasitoid C. 
congregata had the lowest (42.8 ± 0.2 °C), and the herbivorous caterpillar M. sexta was 
intermediate (46.5 ± 0.2) (Fig. 1). A two-way ANOVA for wild M. sexta indicated no significant 
interaction (p=0.2971) or main effect of instar (p=0.4333) (Table 3), but a significant main effect 
of parasitization status on CTmax (p=0.0350) (Fig. 2). Unparasitized caterpillars had an 
approximately 1.0°C higher CTmax than parasitized caterpillars. In contrast, there was a 
significant interaction between instar and parasitization status (p=0.0002), for laboratory M. 
sexta and no significant main effects (Table 4, Fig. 3).  
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There were significant differnces in CTmax between the laboratory strain and wild 
population of unparasitized M. sexta (p=0.0252) (Table 5) and C. congregata (p=0.0014) (Table 
6). The wild unparasitized caterpillars had almost 1.0°C higher CTmax  than the laboratory strain 
(Fig. 4). Also wild wasps had significantly higher CTmax than the laboratory strain (p=0.0014) 
(Table 6). Both in wild and laboratory strains, female wasps had higher CTmax than male wasps 
(Fig. 5). However, the difference in CTmax between laboratory female and male wasps (0.3 ± 
0.1°C) was smaller than in wild wasps (0.87 ± 0.4°C). Overall, despite differences between wild 
and laboratory wasps, a similar pattern of CTmax was observed between wild and laboratory hosts 
and parasitoids. M. sexta caterpillars consistently had higher CTmax than C. congregata wasps, 
irrespective of their source. 
 
DISCUSSION 
There were significant differences in the upper thermal tolerance of component species in 
this host-parasitoid-hyperparasitoid system. Despite the importance of comparative thermal 
biology for understanding host-parasite relationships and their responses to climate change 
(Thomas and Blanford 2003, Hance et al. 2007, Klapwijk et al. 2010), relatively few studies have 
actually examined these differences. Several studies in other systems have reported differences 
in thermal tolerance among hosts and parasites (Van Nouhuys and Lei 2004a, Wang et al. 2012, 
Le Lann et al. 2014) and also among different parasitoid species (Hughes et al. 2010). However, 
this is the first study to demonstrate differences in thermal tolerance among component species 
in a tri-trophic system. The parasitoid, C. congregata, had the lowest CTmax, the hyperparasitoid, 
Spilochalcis sp. had the highest, and the caterpillar host M. sexta, was intermediate between these 
two. Similarly, Hughes et al. (2010) found that the parasitoid Lysiphlebus testacipes was more 
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thermally tolerant (CTmax and CTmin) than its host Aphis fabae. These observed mismatches 
between the thermal tolerance of hosts and parasitoids may have important implications for the 
way these systems respond to temperature change by altering features such as energetics, life 
histories, population dynamics, and phenologies (Hassell et al. 1993, Thomas and Blanford 2003, 
Hance et al. 2007).  
Interestingly, I found no significant difference in CTmax among instars of M. sexta despite 
their large differences in body size. Body size is thought to be an important factor affecting  
CTmax (Ospina and Mora 2004, Baudier et al. 2015) because larger organisms have lower 
surface-area-to-volume ratios and thus take longer to exchange heat with their environment. A 
study by Klok and Chown (1999) showed that among five instars of the Emperor moth (Imbrasia 
beline), 1st-3rd instar caterpillars had significantly lower critical thermal minima (CTmin) than 
4th and 5th instars. Although they found significant differences in upper thermal tolerance among 
instars, no particular trend was observed. Petersen et al. (2000) found that 5th instar M. sexta 
were more sensitive (i.e., higher mortality rates) to high temperatures (34°C) than earlier instars 
and suggested this was a general pattern in which upper thermal tolerance decreases 
systematically with increasing body size. However, I found no evidence for this in my study.   
Another key result of this study was the CTmax of wild unparasitized caterpillars was 
about 1°C higher than parasitized caterpillars. To my knowledge studies of CTmax between 
parasitized and unparasitized caterpillars are lacking. Sherman (2008) found that healthy newts 
had higher CTmax than infected newts. Similarly, Lagos et al. (2001) found that parasitized pea 
aphids had lower thermal tolerance than non-parasitized ones. In contrast, Bates et al. (2011) 
found that infected snails had higher thermal tolerance than uninfected snails. Although the 
reasons for these differences are unclear, they suggest that the interaction between organisms and 
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their thermal environments may be mediated by parasites and pathogens, thus adding another 
layer of complexity to understanding the response of these systems to environmental change. 
Further, there was a significant interaction between instar and parasitization status for laboratory 
M. sexta: in the 3rd instar, CTmax was higher in unparasitized caterpillars; in the 4
th instar, there 
was no difference in CTmax; in the 5
th instar, CTmax was higher in parasitized caterpillars (Fig. 3). 
This means that the laboratory strain differed in the way they responded to parasitism compared 
to the wild population, which makes it difficult to draw any general conclusions for these results.   
Laboratory colonies are used extensively for various types of research studies including 
the responses of insects to various climatic factors. These laboratory insects acclimate and may 
adapt to laboratory conditions, which questions the validity of using them to infer patterns in 
nature. For example, Lyons et al. (2012) studied the thermal tolerance of wild and lab strains of 
two mosquito vectors of malaria (Anopheles arabiensis and A. funestus) and found no significant 
differences in CTmax. Similar results were found by Chidawanyika and Terblanche (2011) for the 
codling moth. These examples suggest that in some instances laboratory colonies have not 
diverged significantly from wild populations and could be used to draw valid inferences about 
patterns in nature. The results of my study indicate that for unparasitized wild M. sexta 
caterpillars, CTmax differed significantly (Fig 4) and support findings by Kingsolver and Nagle 
(2007) that lab and field populations of M. sexta differ in thermal tolerance and performance. For 
C. congregata, laboratory wasps had a significantly lower CTmax than wild wasps, and overall, 
females had higher a CTmax than males. Very few studies have considered sex differences in 
thermal tolerance. Stratman and Markow (1998) found that sex-related differences in heat 
tolerance were species-specific. Nevertheless, irrespective of sex and place of origin, the results 
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were consistent among the wild and laboratory insects: CTmax was always higher in M. sexta than 
C. congregata.  
Future directions 
One of the major criticisms of CTmax studies is the question of how often organisms are 
actually exposed to such high temperatures in the wild (Lutterschmidt and Hutchison 1997b). 
This question can only be addressed empirically by field studies in the habitats where the 
organisms live. Even infrequent exposure to extreme high temperatures can have large impacts 
on caterpillar growth (Kingsolver 2000). A classic field study in Southern California showed that 
M. sexta caterpillars frequently experience body temperatures above 36°C during the day in July 
(Casey 1976). To better link the results of my study to nature, studies of the thermal 
environments experienced by the component species in the tri-trophic system will be needed. 
This includes studies on the role of behavioral thermoregulation, since in the wild, ectotherms 
can orient their bodies and select different micro-sites to manipulate body temperature and intake 
of allelochemicals (e.g., Casey 1976, Kester et al. 2002).  
There are also some important methodological issues in estimating CTmax. Terblanche et 
al. (2007) showed biased estimates of CTmax as a function of ramping rate and start temperatures, 
indicating that the precise value of CTmax depends on experimental conditions. In my study, the 
choice of ramping rate was especially critical. The organisms in my study covered a relatively 
large range of body sizes, and body size is a critical factor in choosing an appropriate ramping 
rate (Lighton and Turner 2004). An appropriate ramping rate is one that is fast enough to avoid 
acclimation and the lethal effects of the high temperatures but slow enough to avoid a time lag 
between the air temperature and the organism’s body temperature. Larger organisms have lower 
surface-to-volume ratios, and thus are likely to require more time than smaller organisms to 
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equilibrate with air temperature. If the ramp rate is too fast, then the body temperature of the 
organism could lag behind the air temperature causing an overestimate of CTmax, i.e., “the larger 
the organism, the longer the lag.” In the present study, size of the component species varied from 
the relatively small parasitoid wasp and hyperparasitoid to sequentially larger 3rd, 4th and 5th 
instar caterpillars yet there was no evidence of systematic variation in CTmax as a function of 
body size. Despite their large body size, 5th instar caterpillars did not have a higher CTmax than 
earlier instar caterpillars or either of the much smaller wasp species. Therefore, the chosen ramp 
rate of 0.25°C/min appears to have been appropriate rate for comparative purposes. Nevertheless, 
estimating CTmax using at least one additional physiologically appropriate ramping rate (e.g., 
0.10°C/min; Terblanche et al. 2007, Terblanche et al. 2011) for comparison would be useful. 
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Table 1: Comparison of the water bath temperature to air temperature inside vial (°C). 




0 30.01 29.8 0.21 
1 30.02 29.8 0.22 
2 30.3 29.9 0.4 
3 30.6 30.2 0.4 
4 30.88 30.4 0.48 
5 31.13 30.7 0.43 
6 31.41 30.9 0.51 
7 31.65 31.2 0.45 
8 31.91 31.5 0.41 
9 32.14 31.7 0.44 
10 32.39 32 0.39 
11 32.66 32.2 0.46 
12 32.87 32.4 0.47 
13 33.15 32.6 0.55 
14 33.4 32.9 0.5 
15 33.6 33.2 0.4 
16 33.89 33.4 0.49 
17 34.16 33.7 0.46 
18 34.41 33.9 0.51 
19 34.66 34.1 0.56 
20 34.93 34.4 0.53 
21 35.14 34.6 0.54 
22 35.39 34.9 0.49 
23 35.65 35.1 0.55 
24 35.89 35.4 0.49 
25 36.12 35.7 0.42 
26 36.4 35.9 0.5 
27 36.65 36.2 0.45 
28 36.9 36.4 0.5 
29 37.14 36.6 0.54 
30 37.34 36.8 0.54 
31 37.64 37.1 0.54 
32 37.9 37.3 0.6 
33 38.14 37.6 0.54 
34 38.38 37.9 0.48 
35 38.66 38.1 0.56 
36 38.9 38.3 0.6 
37 39.14 38.5 0.64 
38 39.4 38.8 0.6 
39 39.62 39 0.62 
40 39.89 39.3 0.59 
41 40.14 39.5 0.64 
42 40.37 39.8 0.57 
43 40.65 40 0.65 
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Table 2: ANOVA results examining the differences in CTmax of component species (Manduca 
sexta, Cotesia congregata, Spilochalcis sp.) across trophic levels.  
Source Df Sum of Squares F-ratio p-value 
Organisms 2 219.68255 94.7392 <0.0001* 
Error 46 53.33273   
Total 48 273.01528   
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Table 3: ANOVA results examining the effects of parasitization status and larval instar (3rd, 4th, 































Source df Sum of Squares F-ratio p-value 
Parasitization status 
 
1 9.3125 4.7891 0.0350* 
Instar 
 
1 1.2203 0.6276 0.4333 






















Table 4: ANOVA results examining the effects of parasitization status and larval instar (3rd, 4th, 
and 5th) on CTmax of laboratory Manduca sexta.  
Source df Sum of Squares          F-ratio     p-value 
Parasitization status 
 
1 1.831255 0.4210 0.5193 
Instar 
 
1 0.009139 0.0021 0.9636 















16.2684   0.0002* 
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Source df Sum of Squares F-ratio p-value 
Source 
 
1 13.523 5.3433 0.0252* 
Error 
 
47 118.95   





132.47   
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Table 6: ANOVA results examining the effects of the source (wild or laboratory) and sex on 
CTmax of Cotesia congregata wasps. 
 
  
Source df Sum of Squares     F-ratio  p-value 
Source 
 
1 8.3952010 12.3257 0.0014* 
Sex 
 





















Figure 1: Comparison of the mean crtitical thermal maxima (CTmax) values for Manduca sexta 
(3rd, 4th, and 5th instar larvae), larval parasitoid, Cotesia congregata, and hyperparasitoid, 
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Figure 2: Mean crtitical thermal maxima (CTmax) values for the unparasitized and parasitized 3
rd, 
4th, and 5th larval instars of wild Manduca sexta. Means with different letters differ significantly 
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Figure 3: Mean crtitical thermal maxima (CTmax) values for unparasitized and parasitized 3
rd, 4th, 
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Figure 4: Mean crtitical thermal maxima (CTmax) values for unparasitized larvae (3
rd, 4th, and 5th 
larval instars) of laboratory and wild Manduca sexta. Means with different letters differ 
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Figure 5: Mean crtitical thermal maxima (CTmax) values of laboratory and wild females and 
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